The reaction of quinolines, isoquinolines, 1) and their NOxides 2) with methylsulfinyl carbanion (6) has been reported, the products all being methylated compounds. Hamada et al. also studied the reaction of 1,X-naphthyridine (Xϭ5, 6, 7, 8) with 6. They found that the N-oxides and 6 undergo a new type of reaction which eliminates the N-oxide group from the azaphenanthrene skeleton. 4) On the other hand, the reaction of benzo[g]quinoline with 6 produced only methylated compounds. (5) with 6. We show the schemes of these reactions and the experimental yields of phenanthrene (7) for the reactions of 1 and 2, the 4-methylphenanthrene (8), the 2-methylphenanthrene (9), and the 2-methylbenzo[g]quinoline 1-oxide (10) in Chart 1. We have focused our study on explaining whether liberation of the N-oxide group or methylation will occur. We calculated the heat of formation and the Gibbs free energies of formation of the molecules and ions involved in the reaction path at 70°C. We regarded the energy difference between the transition state (TS) and the initial minimum energy state as the activation energy (Ea) of the reaction. We compared the calculated Ea of the liberation reaction of the N-oxide group with that of the methylation reaction of the N-oxide, and discuss which of these reactions will actually occur. We also compare the calculated Ea's with the yields of the corresponding products.
with 6. They found that the N-oxides and 6 undergo a new type of reaction which eliminates the N-oxide group from the azaphenanthrene skeleton. 4) On the other hand, the reaction of benzo[g]quinoline with 6 produced only methylated compounds. 5) In the present work, we have theoretically studied the reaction of benzo We show the schemes of these reactions and the experimental yields of phenanthrene (7) for the reactions of 1 and 2, the 4-methylphenanthrene (8), the 2-methylphenanthrene (9) , and the 2-methylbenzo[g]quinoline 1-oxide (10) in Chart 1. We have focused our study on explaining whether liberation of the N-oxide group or methylation will occur. We calculated the heat of formation and the Gibbs free energies of formation of the molecules and ions involved in the reaction path at 70°C. We regarded the energy difference between the transition state (TS) and the initial minimum energy state as the activation energy (Ea) of the reaction. We compared the calculated Ea of the liberation reaction of the N-oxide group with that of the methylation reaction of the N-oxide, and discuss which of these reactions will actually occur. We also compare the calculated Ea's with the yields of the corresponding products.
Results and Discussion
Hamada et al. have carried out the reaction of 2 with deuterated methylsulfinyl carbanion in an NMR sample tube to examine the reaction mechanism, then proposed a mechanism of the liberation of the N-oxide group. 6) As an example, we show the reaction path of 2 with 6 in detail following the proposal. We assume that the reaction proceeds through the following steps. When the reactants 2 and 6 are separated an infinite distance, the system has the electric charge Ϫ1 and Gibbs free energy of formation (DG)ϭϪ35.29 kcal/mol. When 2 and 6 mutually interact by the intermolecular interaction, an equilibrium state (Eq1, DGϭϪ40.72 kcal/mol) is realized.
Step 1: 6 is added to the 2-position of 1 and an in- Numerical values are the Gibbs free energies of formation in kcal/mol of the optimized states.
Fig. 2. Schematic View of the Optimized Structures for the Reaction of 2 with 6
The methylated product through TS7 was not experimentally obtained for this reaction. The double bonds and the minus charge in the molecules are drawn based on the calculated values of the bond order and the charge, respectively.
7) The calculated relevant interatomic distances are as follows:
termediate product (Eq2, DGϭϪ50.54 kcal/mol) is formed through TS1 (DGϭϪ22.15 kcal/mol). We show the heat of formation and Gibbs free energy of formation calculated at 70°C in Table 1 . We also display an energy diagram along the reaction path for the liberation of an N-oxide group in Fig. 1 and the schematic view of the optimized structures in Fig. 2 . In experiments, the NMR signal of starting compounds disappeared soon after the beginning of the reaction. 6) Eq2 is the lowest state in energy and the energy of TS1 is low (Fig. 1) . Therefore, we consider that the majority of reactants exist in the form of Eq2 and the activation energy must be measured from Eq2.
Step 2: The N 1 -C 2 bond of Eq2 is broken, ring opening occurs, and the intermediate state Eq3 (DGϭϪ48.97 kcal/ mol) is formed via TS2 (DGϭϪ22.03 kcal/mol).
Step 3: A hydrogen atom attached to the C 1Ј atom of Eq3 transfers to the oxygen atom in the N-oxide group and Eq4 (DGϭ Ϫ43.08 kcal/mol) is formed via TS3 (DGϭϪ0.84 kcal/mol). Since the H atom has been removed from the C 1Ј atom, the double bonds at the C 2 -C 3 and C 4 -C 5 positions in Eq3 move to the C 1Ј -C 2 and C 3 -C 4 positions in Eq4, respectively. 7) Step 4: After the O-H bond is formed, through TS4 (DGϭ ϩ0.39 kcal/mol), a new C 6 -C 1Ј bond and a new 6-membered ring are formed, making Eq5 (DGϭϪ6.73 kcal/mol). The 3-dimensional view of TS4 is shown in Fig. 3 . TS4 for this ring-closure process is the highest state in energy over the whole process of this liberation reaction of N-oxide. We consider that this reaction proceeds while maintaining equilibrium between Eq2, Eq3, and Eq4 states. Consequently, the Gibbs free energy of activation of this N-oxide liberation process is obtained from the energy difference between TS4 and Eq2 and has a value of 50.93 kcal/mol (Table 1 ).
Step 5: N 1 and S 2Ј atoms of Eq5 approach each other, via TS5 (DGϭ Ϫ1.92 kcal/mol), a new N 1 -S 2Ј bond is formed, and the C 1Ј -S 2Ј bond breaks, making Eq6 (DGϭϪ39.82 kcal/mol). The N 1 -C 6 bond of Eq6 is weak (the calculated bond-order is 0.751 and the force constant is 1.49 mdyn/Å). The Gibbs free energy of activation required to break this N 1 -C 6 bond is only 1.5 kcal/mol, as is seen in the next step.
Step 6: Finally, the N 1 -C 6 bond of Eq6 is broken and, via TS6 (DGϭϪ38.28 kcal/mol), products including 7 (DGϭϪ68.62 kcal/mol) are formed (Fig. 2) .
At step 2, when the hydrogen atom at the 2-position of Eq2 approaches the C 1Ј atom of the attached carbanion group, the C 1Ј -S 2Ј bond becomes longer, and a methyl group will be formed at the 2-position via TS7 (DGϭ3.38 kcal/ mol). The Gibbs free energy of activation of this methylation process is 53.92 kcal/mol, which is much greater than that of the ring-closure process (50.93 kcal/mol). The calculated heat of formation shows the same tendency (Table 1) . This fact coincides with the experimental result that phenanthrene was obtained but no methylated N-oxide was obtained in this reaction (see Table 2 ).
We can also assume that the reactions of 1, 3, and 4 with 6 proceed in a similar manner. We show the calculated heat of formation and Gibbs free energy of formation in Table 1 . For the reaction of 1, Eq3 is the lowest state in Gibbs free energy and the Gibbs free energy of activation for the liberation process is obtained from TS4 and Eq3. Of course, Gibbs free energy of activation for the methylation is obtained from TS7 and Eq2. The circumstances are the same for the reaction of 4. The calculated Gibbs free energies of activation and the experimental yields of the products are summarized in Table  2 . For the reactions of 1 and 3, the calculated Gibbs free energy of activation of the N-oxide liberation process is lower than that of the methylation process in each case. These results are consistent with the fact that 7 and 8 have been obtained, but the methylated compounds have not been obtained experimentally for the reactions of 1 and 3. We suppose that 9 has not been obtained experimentally, since the Gibbs free energy of activation for the reaction of 4 is large. On the other hand, the heat of formation of activation for the reaction of 4 is too small to explain the experiments. For reactants 1, 2, 3, and 4, the Gibbs free energies of activation of the liberation reaction of the N-oxide group correlate well with the experimental yields of the related products.
We have also studied the reaction path of 5 with 6 in a similar way. Here, Eq3 is the lowest state in Gibbs free energy and the Gibbs free energy of activation for the liberation process is obtained from TS4 and Eq3 (Table 1 ). The Gibbs free energy of activation for the methylation process is obtained from TS7 (DGϭ8.14 kcal/mol, see Table 1 ) and Eq2. The 3-dimensional view of TS7 is shown in Fig. 4 . As shown Here, L and M in parentheses indicate the liberation of an N-oxide group and the methylation, respectively. in Tables 1 and 2 , the calculated Gibbs free energy of activation for ortho-methylation is 53.89 kcal/mol, which is much smaller than that for the liberation reaction of the N-oxide group (62.65 kcal/mol). This fact coincides with the experimental result that the ortho-methylated compound 10 was obtained, while the anthracene was not obtained experimentally in this reaction. In terms of heat of formation, it seems that the calculated activation energy for the ortho-methylation for the reaction of 5 with 6 is too large (Table 1) .
To summarize, the reactions of 1, 2, and 3 with 6 lead to the liberation of an N-oxide group, whereas the reaction of 5 with 6 leads to ortho-methylation, on the basis of the reaction path and the calculated Gibbs free energies of activation. The reaction of 4 with 6 cannot occur, since the calculated Gibbs free energies of activation is too large. For reactants 1, 2, and 3, the Gibbs free energies of activation of the liberation reaction of the N-oxide group correlate well with the experimental yields of the corresponding products.
Calculation
We calculated the energies of molecules and ions using the semi-empirical molecular orbital PM3 method 8) in the MOPAC 93/97 computational package. 9) All calculations were performed on an IBM RS/6000 model 590 and SGI (Silicon Graphics, Inc.) Indigo2 computers. A graphic interface, MOL-GRAPH, 10) was used for preparing input data for MOPAC 93/97 and for visualizing the resulting structures. The energies of the ground state and transition states were optimized until gradient norms of less than 0.05 kcal/mol/Å were achieved. All structure parameters were optimized. The effect of a solvent was not considered. After optimizing the TS structures, we carried out the vibrational calculation and confirmed that the TS had exactly one imaginary vibrational frequency. We used FORCE and THERMO options and calculated the heat of formation (DH) and entropy (S) 11, 12) of the molecules and ions at 70°C using harmonic oscillator approximation, since the experiments were performed at 70°C. Then, we calculated the Gibbs free energy of formation (DG) by
DGϭDHϪTS
Here, T denotes the absolute temperature. Exactly speaking, we must subtract DHϪTS for the reference state from above DG.
11) When we calculate the Gibbs free energy of activation, these contributions are compensated for. We also performed intrinsic reaction coordinate (IRC) calculations to make sure that the TS connects the initial with the intended final state.
